Kinetic proofreading is a reaction scheme with a structure more complicated than that of Michaelis kinetics, which leads to a proofreading for errors in the recognition of a correct substrate by an enzyme. We have measured the stoichiometry between ATP hydrolysis and tRNAIle charging, using the enzyme isoleucyl-tRNA synthetase [L-iso-leucine:tRNAIe ligase (AMP-forming), EC 6.1.1.5] and the amino acids isoleucine (correct) and valine (incorrect). The enzymatic deacylation of charged tRNA, which would normally prevent meaningful stoichiometry studies, was eliminated by the use of transfer factor Tu'GTP, (which binds strongly to charged tRNA) in the reaction mixture. For isoleucine, 1.5 ATP molecules are hydrolyzed per tRNA charged, but for valine, 270. These stoichiometry ratios are fundamental to kinetic proofreading, for the energy coupling is essential and proofreading is obtained only by departing from 1:1 stoichiometry between energy coupling and product formation. Within the known reaction pathway, these ratios demonstrate that kinetic proofreading induces a reduction in errors by a factor of 1/180. An overall error rate of about 10-4 for tRNA charging is obtained by a kinetic proofreading using a fundamental discrimination level of about 10-2, and is compatible with the low in vivo error rate of protein synthesis.
Many biochemical reactions, particularly those associated with protein synthesis or DNA replication, exhibit high specificity in the selection between similar substrates. The overall error rate in selecting between two similar amino acids (1) in protein synthesis is believed to be about 3 in 104. The normal error rate in DNA synthesis (without post-replication repair) is about 1 in 108 or 109. These low error rates are biologically essential.
The elementary description of specificity in biochemical reactions is based on discrimination in a Michaelis complex.
Suppose enzyme c is to recognize substrate C, reacting on it to produce Cproduct [2]
When C and D are sufficiently similar, AG will not be large, and fo may be smaller than would be biologically optimal. "Kinetic proofreading" (2) is a method of using twice (or more) the same Michaelis kinetic ability to distinguish between C and D, resulting in an error rate as small as fo2 (or higher power) instead of fo for a given AG. The essential features of kinetic proofreading are contained in the reaction scheme C + C Cc 2g!4. (Cc) p C + -Cproduct C, + c [3] The first reaction step reversibly forms the usual Michaelis complex. The second step is enzymatically coupled to an energy source, typically the hydrolysis of a nucleoside triphosphate, and is strongly enough driven to be essentially irreversible. (Cc)* is a high energy intermediate, which can decompose in two ways: to free enzyme plus product or to free enzyme and nonproduct C'. C' can be either the original substrate C or a chemically modified form thereof.
This scheme is capable of proofreading. For equal concentrations of C and D, the discrimination against D in the initial Michaelis complex and in the formation of (Dc)* will be fo. If the kinetic constants are appropriate (and they can be made so without enhancing AG at all) (Dc)* can be made to decay yielding chiefly D', while (Cc)* will decay yielding chiefly Cproduct. That D which in error managed to get to -(Dc)* is discriminated against a second time. A proofreading scheme identical in mathematical principle but somewhat different in reaction topology was independently proposed by Ninio (3) .
We present here experiments to test for proofreading in the discrimination between valine and isoleucine during the charging of tRNAIle by the enzyme isoleucyl-tRNA synthetase [L-isoleucine:tRNAt1e Jigase (AMP-forming), EC 6.1.1.5] (denoted by E). The overall region for correct charging is ATP + Ile + tRNAle E-AMP + P -P + Ile tRNAI'e. [4] The overall scheme for mischarging is the same, valine being substituted for isoleucine (but keeping the isoleucyltRNA synthetase and tRNAIle). The steps in the reaction scheme include (4, 5) (c* [6] is used per product molecule formed tests the proofreading hypothesis. Within a Michaelis-type scheme, with no exit path to C' + c, there will be a 1:1 stoichiometry between the number of product molecules formed and the number of times the energy cycle was used, regardless of substrate. If proofreading is being used, the stoichiometry should not be 1:1. With proofreading, when D is being used as substrate, the energy cycle will be used many times per Dproduct molecule formed, for most of the (Dc)* will become D' + c. But when C is used as substrate, a number only somewhat larger than one energy cycle per Cproduct molecule should result, for most of the (Cc)* molecules will yield Cproduct. In the charging of tRNAIle we have therefore measured the stoichiometry between ATP hydrolysis-and tRNA charging for correct (isoleucine) and for incorrect (valine) substrates.
MATERIALS AND METHODS
The isoleucyl-tRNA synthetase (E) from Escherichia colh B was isolated by a modification of the method developed by Baldwin and Berg (6), as described by Eldred and Schimmel (7) , and stored at -20°in 50% (vol/vol) glycerol. Unfractionated tRNA from E. coli H was obtained from Schwarz BioResearch and had an isoleucine acceptor activity of approximately 25 pmol/A26o at neutral pH. This corresponds to 1.6% active tRNAIle in the crude extract.
Purified transfer factor Tu, prepared as described by Miller and Weissbach (8) Total reaction volume = 0.1 ml. ATP levels were as indicated. (11, 12) Ile tRNAIle -E Ile + tRNA]Ue [7] Under the present reaction condition (pH 7.8, 370) the nonenzymatic deacylation amounts to about 15% of the total deacylation after 30 min (12) (13) (14) (15) (12) for the enzymatic deacylation under similar conditions. The enzymatic deacylation reaction is much faster for the reaction (11) ValItRNAIle E-Val + tRNAIne. [8] and will seriously interfere with the attempt to study fidelity of the forward reaction. Indeed, E had not been observed to charge tRNAIle with valine at all. To eliminate the enzymatic deacylation [7, 8] , Tu-GTP (from E. coli) was added to the reaction solution. This complex binds charged tRNA very tightly (16) , and uncharged tRNA much less. Tu is an abundant protein in E. coli and the ratio Tu:tRNA is approximately 1:1 at all growth rates (17) . In normal protein synthesis in E. coli, a charged tRNA is bound into a ternary complex (aa-tRNA)-Tu-GTP which is then, as a whole, bound to a ribosome (18) . Because Tu recognizes aminoacylated tRNA, it is expected to protect charged tRNA from deacylation.
When Tu was added to a reaction volume in which isoleucine was the amino acid and ATP concentration was 1 mM, the amount of Ile-tRNA formed as a function of time was independent of the presence of Tu. This was expected to be the case, for with abundant ATP and a slow enzymatic deacylation, the tRNA could be kept essentially fully charged with isoleucine. The effectdo Tu on the charging with valine was dramatic. Whereas without Tu, no charging with valine was detectable, with Tu, 1 mM ATP, and valine, the level of (mis)charging was typically 20% after 30 min. Thus, by using Tu-GTP as a "sink" for charged tRNA, the enzymatic deacylation [7, 8] can be chiefly eliminated, and the desired reaction can be studied without competition.
The stoichiometry experiments were carried out at ATP concentrations far lower than the usual millimolar concentration used for standard charging experiments. This was necessary to keep the background (chiefly due to radioactive Pi present in the ATP) from overwhelming the desired reaction. In the presence of pyrophosphatase, there is sufficient free energy to drive the reaction even at concentrations as low as Fig. 1 (Fig. 2a) , equal to the total amount of chargeable tRNAIe in the 25 Mil aliquot. The amount of ATP hydrolyzed was simultaneously monitored in the same reaction volume, with results shown in Fig. 2b . Just as in the charging assay, there is a burst of hydrolysis, with no further hydrolysis, within experimental uncertainties, after the first 3 min (30 ATP pmol) was consumed in the charging. The effectiveness of Tu in eliminating the enzymatic deacylation is clear in Fig. 2b , for without Tu there would have been steady ATP hydrolysis, with a net of about 150 pmol consumed in 30 min. When the product is protected with Tu, hydrolysis stops when charging stops, and 1.6 ATP molecules were hydrolyzed by the reaction for each tRNA charged with isoleucine.
The equivalent results with valine substituted for isoleucine are shown in Fig. 2c When the charging has not taken place vigorously (for example, when very low ATP concentrations are used), curves like those of Fig. 2c often fall below linear after long times, indicating that the deacylation reaction [7, 8] , while small, is not completely negligible when the forward reaction is too slow. At early times, however, all experiments we have done with the Tu "sink" show a linear relation between ATP consumed and Val-tRNAlle formed, with the same high stoichiometry of about 250 ATP molecules per Val-tRNAIle molecule. Doubling the Tu concentration does not affect the result.
Unfractionated tRNA was used in the charging experiments. When charging is performed with isoleucine, only tRNAIle is charged. There might be more uncertainty whether this was still the case when valine is substituted. To examine this pQint, charged tRNA described above was fractionated on a reversed-phase chromatography column. Uncharged unfractionated tRNA gives a single very broad peak. When unfractionated tRNA was charged with isoleucine using E, three narrow peaks were seen, presumably corresponding to three different kinds of tRNAIle associated with the different codons for Ile. When valine was substituted for isoleucine, the same peak pattern was seen, with very similar relative areas and peak positions. The small differences between the valine and isoleucine patterns are real and probably due chiefly to the slightly different behavior of Val-tRNAIle and Ile-tRNAIIe on the column. In general, no major difference in the chromatographic behavior is observed between the acylated and nonacylated tRNA (19) , except in certain cases (20) . Thus the tRNA that is mischarged (with valine) is by this test the same one that is charged with isoleucine.
DISCUSSION
In the presence of Tu'GTP to prevent the hydrolysis of aminoacylated tRNA, tRNAIle is charged with isoleucine by the cognate synthetase with the simultaneous hydrolysis of 1. The effectiveness of the first Michaelis step in discriminating between valine and isoleucine has been studied (21) both by pyrophosphate exchange and by a hydroxamate assay of aminoacyl AMP. In both methods of study the Michaelis constants for these reactions discriminate between valine and isoleucine by a factor of 100, whereas Vmax for pyrophosphate release is essentially independent of which amino acid is used. Thus, in the presence of equal concentrations of free valine and free isoleucine, the net charging will have an error fraction of 100 180
10,000 The proofreading improvement of the error rate is by about the same factor as the initial discrimination.
Is there a further reduction in the level of errors after the release of charged tRNA by a synthetase molecule? In principle, the enzymatic deacylation reaction allows such a discrimination by the rebinding of charged tRNAI1e to a synthetase molecule, followed by selective release of the mischarged valine (11) . On the basis of the in vivo turnover rate of tRNA in E. coli, known and estimated concentrations of enzyme and Tu in the cell, and extrapolations from data of ref. 11 and our own work, we estimate the probability that a mischarged Val-tRNA1Ie released from the enzyme is used in protein synthesis is greater than ½. While the latitude for error in this estimate is considerable, it suggests that error correction after release from the enzyme is relatively unimportant in vivo. Nor is it biologically necessary, for the net accuracy in distinguishing valine from isoleucine in charging is better than one part in 104 as a result of kinetic proofreading, and the in vvo misincorporation of valine for correct isoleucine in protein synthesis is estimated (1) as 3 in 104.
While we have made use of a very simple kinetic scheme for describing the overall chemical reaction, the operation of E is more complicated than the scheme would imply. For example, the release of charged tRNA, often an in vitro rate-limiting step, is reported to be facilitated by isoleucine, by isoleucine-AMP, and by tRNAIle (12, 22) . Because of such complications, naive quantitative comparisons of kinetic parameters taken from different experiments must be viewed with caution. Fortunately, the demonstration of proofreading by the stoichiometry measurement does not necessitate the determination of many of the steps. Within the simple kinetic framework, the stoichiometry ratios could be predicted from a complete determination of the Michaelis kinetics of the hydrolysis of Ile-tRNAIle and ValAtRNAIle by E.
The study at 150 of this reaction by Eldred and Schimmel (11) is not complete enough to do this, but is qualitatively consistent with a large stoichiometry difference between the two cases.
The kinetic scheme 5 can. be viewed as a means of proofreading the amino acid by the simple method 3. The same reaction 5 can also be viewed as a problem in the selection of tRNA, and can also be used to proofread tRNA.
